We examined the energy requirement for maltose transport in right-side-out membrane vesicles derived from Escherichia coli. When membrane vesicles were made from strains producing tethered maltose-binding proteins by dilution of spheroplasts into phosphate buffer, those from an FoF, ATPase-containing (unc') strain transported maltose in the presence ofan exogenous electron donor, such as ascorbate/ phenazine methosulfate, at a rate of 1-5 nmol/min per mg of protein, whereas those from an isogenic unc-strain failed to transport maltose. Transport in vesicles obtained from the latter strain could be restored in the presence of electron donors if the vesicles were made to contain NADI and either ATP or an ATP-regenerating system. ATP hydrolysis was apparently required for transport, since nonhydrolyzable ATP analogues did not sustain transport. Maltose transport siificntly increased ATP hydrolysis in ATP-containing vesicles from unc-cells. Finally, ATP-containing vesicles from unc-strains producing normal maltose-binding proteins could accumulate maltose in the absence of electron donors. These results provide convincing evidence that it is the hydrolysis of ATP that drives maltose transport, and probably also other periplasmic-bindingprotein-dependent transport systems.
Active transport systems in Escherichia coli fall into two categories, the osmotic-shock-resistant class and the osmotic-shock-sensitive class, the latter involving the function of periplasmic binding proteins. In 1974, Berger and Heppel (1) suggested, on the basis of results obtained with starved or inhibitor-treated cells, that the former class is energized by a proton (or other ion) gradient, and that the latter class apparently requires the presence of ATP in the cytoplasm. However, later studies of shock-sensitive transport systems often produced ambiguous results, and there has been much controversy over the identity of the energy source for these processes. For example, active transport of glutamine, catalyzed by a shock-sensitive system, was shown to be abolished when the membrane potential of intact cells was lowered by the use of valinomycin and K+, although the intracellular levels of ATP were unchanged in mutants lacking the FoF1 ATPase (2) . Extensive studies of the maltose transport system of E. coli, another shock-sensitive system, showed that neither decreases in the magnitude of the protonmotive force caused by uncouplers nor the presumed depletion of intracellular ATP by arsenate could abolish transport (3) . The study of Hong et al. (4) , which used combinations of inhibitors and mutants, suggested that the shock-sensitive transport of amino acids in E. coli is energized not by ATP or the protonmotive force but by acetyl phosphate, a conclusion which was not supported by a later study from the same laboratory (5) . Other mutant and inhibitor data have been interpreted to mean that the energy is provided to the shock-sensitive systems directly from electron flow, rather than from ATP or from protonmotive force (6) .
The use of membrane vesicles, introduced by Kaback (7), has been instrumental in establishing the true nature of the energy source in the protonmotive-force-dependent transport systems. However, in the study of shock-sensitive transport systems, the vesicle system has not been utilized extensively, although Hunt and Hong (8) made a pioneering contribution in showing that such transport processes can be observed in vesicles. Recently we made vesicles (9) from a mutant in which maltose-binding protein (MBP) was tethered to the outer surface of the cytoplasmic membrane (10) . These vesicles are convenient for studies of maltose transport as they are very active without the addition of MBP. In this paper, vesicles with or without the tethered MBP were made from unc deletion derivatives, to identify the nature of the direct energy source for maltose transport.
MATERIALS AND METHODS
Bacterial Strains. For tethered MBP strains, we started from a derivative of E. coli K-12 with the malE24-1 mutation, which changes residue 24 of the MBP signal sequence from alanine to aspartic acid and thereby prevents the cleavage of the signal peptide (10) . A malQ amber mutation, which prevents the metabolism of maltose, was transferred by phage P1 cotransduction with a closely linked transposon TnJO marker into the strain containing the malE24-1 mutation to generate HN596 (9). The transposon TnJO was then removed by the Bochner et al. procedure (11) , and finally a deletion covering most of the unc genes was introduced into this strain by cotransduction with a closely linked TnJO marker from strain DK8 (K-12 Hfr P01 AuncB-G ilv::TnJO bglR thi-J rel-J, obtained from R.B. Simoni, Stanford University). This malQ unc maIE24-1 strain, called HN597, was used in most of the experiments.
Other experiments were carried out with an unc-strain producing a wild-type MBP. This strain, HN595 (K-12 AuncB-G ilv::TnJO mal7T AlacU169 araD139 rpsLl relAl thi) was made by transducing the unc deletion mutation in the same way, into pop3327 (a gift from M. Hofnung, Institute Pasteur, Paris). The transport-defective unc-strain, HN594 (K-12 AuncB-G ilv::TnJO malWr AmalB13 argHl lac rpsLI) was similarly made by transduction of the unc deletion into HN115, which contained a deletion covering the malK, -F, and -G genes.
Vesicle Preparation. Cells were grown overnight in medium 63 (12) containing 0.4% galactose and isoleucine and valine at 20 tug/ml each, with aeration at 370C. The culture was diluted into fresh medium and induced with 0.2% maltotriose for 3-4 hr with continued aeration. HN594 and HN595, which contained a malil constitutive mutation, were grown without the Abbreviations: P-ePrv, phosphoenolpyruvate; PMS, phenazine methosulfate; MBP, maltose-binding protein.
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inducer. Vesicles were prepared by a modification (9) of the Kaback method (13) . Cells (usually from a 200-ml culture) were first converted to spheroplasts by the method of Witholt et al. (14) . The spheroplasts were then collected by centrifugation at 6000 X g for 10 min. They were resuspended in less than 1 ml of 50 mM potassium phosphate buffer, pH 6.2/0.25 M sucrose/5 mM MgCl2/DNase (1 mg/ml), and the suspension was added to 40 ml of 8 mM potassium phosphate buffer, pH 6.2, which was being stirred in an ice-water bath and which often contained additional components as described in Results. After 2 min, EDTA was added to a final concentration of 2 mM, then after 2 min of further stirring, MgCl2 was added to 3 mM. After 2 min, unlysed spheroplasts and whole cells were removed by centrifugation at 6000 x g for 10 min, the supernatant was removed to a chilled centrifuge tube, and vesicles were collected by centrifugation at 35,000 x g for 5 min at 40C. The (specific activity: 0.06 ,uCi/nmol), was added to a final concentration of 10 ,M, and a 25-,lI sample was removed every 30 sec and filtered through a Millipore HA filter, which was washed with 5 ml of 0.05 M LiCl and dried, and its radioactivity was measured in a liquid scintillation counter. To vesicles made from the malE+ strain, MBP, prepared as described (9), also was added. Assay of ATP, ADP, and Phosphoenolpyruvate (P-ePrv). Vesicle suspensions were diluted, and electron donors and nonradioactive maltose were added as in the transport assays. The reaction was stopped by dilution of a 25-,l sample every 30 sec into 140 ,ul of cold 7.5% HCl04. Membranes were removed by centrifugation and 132-plI portions of the supernatants were neutralized with KOH to pH 7.4, after the addition of 35 pul of 0.5 M Hepes-NaOH buffer, pH 7.4.
Portions were removed and ATP was assayed with Boehringer ATP Bioluminescence CLS kit in the presence of 0.5% bovine serum albumin. ADP was assayed by first converting it to ATP with pyruvate kinase (myokinase-free, from Boehringer) and excess P-ePrv (15) . P-ePrv was assayed after generation of ATP with pyruvate kinase and excess ADP (<0.3% ATP, from Boehringer).
Determination of NAD+ and NADH. NAD+ and NADH concentrations were measured spectrophotometrically as described (16) .
RESULTS
Transport by Vesicles with Tethered MBP: Requirement for Additional Components. Vesicles made from the unc+ parent strain producing tethered MBP, HN596, were quite active in accumulating maltose when electron donors such as D-lactate or ascorbate/PMS were added to the incubation medium (9).
When vesicles were made from its unc-derivative, HN597, in a similar manner, by lysis in 10 mM potassium phosphate buffer, no transport was observed in the presence or absence of the electron donors ( Fig. 1) , although normal levels of proline transport were observed (data not shown). Some transport was observed when the unc spheroplasts were lysed in solutions containing 4 mM ATP, or an ATPregenerating system (4 mM P-ePrv/0.5 mM ATP/4 units of pyruvate kinase per ml) (see below), but even then the rate was much lower than the rates observed with the unc' vesicles. Poor activity of unc-vesicles cannot be attributed to the lack of ATP or P-ePrv, because the vesicles contained these compounds at concentrations up to 2 mM at the beginning of incubation.
Because the induced HN597 (unc-) cells transported maltose at about 50-60% of the rate of the induced HN596 (unc') cells (data not shown), we suspected that the unc-vesicles might require additional low molecular weight compounds for efficient transport. Indeed, we found that unc-spheroplasts lysed in a solution containing 0.1 mM NAD+, 0.02 mM CoA, and 0.03 mM lipoic acid, in addition to the ATP-regenerating system, accumulated maltose in the presence of an electron donor (Fig. 2 ). NAD+ and CoA were included because of the report that these compounds enhance the transport of gluta- mM CoA, and 4 mM ATP (pH 6.6). Vesicles were washed once with cold 20 mM potassium phosphate/3 mM MgCI2 (pH 6.6) by centrifugation and were incubated in the presence of 10 mM D-lactate with or without the addition of 10 jM maltose. Portions were removed at intervals, and the levels of ATP and ADP were determined. The total high-energy phosphate content was calculated by adding the molar amount of ADP to twice the molar amount of ATP. In this particular experiment, most of the ATP added initially had been hydrolyzed before the first sample was taken. Under such conditions, equilibration catalyzed by adenylate kinase is expected to convert much ofthe newly generated ATP into ADP, and this indeed appears to have occurred. The intravesicular concentrations of nucleotides were calculated by assuming a volume of 6 ,ul/mg of protein (9) . o And *, high-energy phosphates and ATP, respectively, in the absence of maltose; A and *, high-energy phosphates and ATP, respectively, in the presence of maltose. mine in vesicles (5), and lipoic acid was included in view of the data implicating this cofactor in the energization of binding-protein dependent transport in intact cells (6) . Sim- (Fig. 2) . Thus in principle the transport may be energized by ATP hydrolysis or by electron transport (either directly, or indirectly through the generation of protonmotive force).
To distinguish between these possibilities, we measured the levels of high-energy phosphate compounds in uncvesicles incubated with and without 10 ,uM maltose. When D-lactate was the electron donor for ATP-containing vesicles, there was, surprisingly, a continuous increase in the levels of ATP and high-energy phosphate in the absence of maltose (Fig. 3) . (These observations will be considered further in Discussion.) In contrast, in the presence of maltose, the levels of ATP and energy-rich phosphate were nearly constant or showed a slight decrease (Fig. 3) . Thus the transport of maltose appeared to result in the consumption of energyrich phosphate bonds.
When ascorbate/PMS, rather than D-lactate, was used with vesicles containing 4 mM ATP, there was no synthesis of ATP, and the hydrolysis of ATP was much more rapid in the presence of maltose (Fig. 4A) (A) ATP remaining in vesicles in the presence or absence of maltose (o and 9, respectively). In this experiment, much of the ATP initially added still remained unhydrolyzed when the samples for measurement were taken. Under these conditions, adenylate kinase is not expected to cause a major redistribution of energy-rich phosphate bonds, and indeed the measurement of ADP and total energy-rich phosphate levels (see legend to Fig. 3) showed that there was less than 20% difference between the changes in ATP and the changes in total energy-rich phosphate. Consequently, only the ATP levels are shown in this figure. ATP assays were run in duplicate, and the average difference between duplicates was less than 5%, except in one sample. (B) Maltose-dependent ATP hydrolysis compared to maltose uptake. The amount of maltose-dependent ATP hydrolysis (A) was obtained from the data in A, as the difference between the amounts of ATP found in vesicles incubated with and without maltose. Maltose uptake (A) was measured in parallel samples. PMS, the observed rates were less than 5% of the transport rate found in control vesicles made in the presence of 4 mM ATP.
Transport by Vesicles Without Tethered MBP. If the direct source of energy for maltose transport is ATP hydrolysis, why are the electron donors and NADI required? To study this question, we examined maltose accumulation in vesicles from HN595, an unc-strain that produces a normal MBP. We found that vesicles from this strain, made by lysis into a buffer containing ATP but no NAD+, CoA, or lipoic acid, accumulated maltose when incubated in the presence of added MBP and maltose (Fig. 5 ). There was no transport when the lysis was carried out in the absence of ATP (Fig. 5) . Furthermore, there was only a weak stimulation by the added electron donor. In 24 experiments of this type, the stimulation by the added electron donor was 27 ± 46% (mean ± SD); this can be contrasted to 465 ± 60% (19 experiments) stimulation found with vesicles with tethered MBP. Finally, ATP hydrolysis was stimulated by maltose transport (data not shown). We could confirm that the stimulation was not simply due to the presence of a "maltose-stimulated ATPase" unrelated to transport, on the basis of two experiments. First, addition of maltose alone, without MBP, to HN595 vesicles did not increase ATP hydrolysis (data not shown). Second, addition of maltose and MBP to vesicles made from HN594, which lack MalK, MalF, and MalG proteins, did not produce any stimulation of ATP hydrolysis (data not shown). These results show clearly that the maltose transport is coupled to the hydrolysis ofATP, and further that ATP hydrolysis is sufficient to drive the transport in the malE+ unc-vesicles, without any requirement for an electron donor or NAD'.
DISCUSSION
We have examined, in this study, the identity of the energy source for maltose transport by using vesicles from unc deletion mutants. Our ability to retain high transport activity in unc-vesicles allowed us to demonstrate the hydrolysis of ATP accompanying the solute transport catalyzed by binding-protein-dependent machinery of E. coli (Fig. 4) . This observation, together with the inability of nonhydrolyzable ATP analogs to energize transport and the presence of a presumptive ATP-binding sequence in the MalK protein (17) [as well as the direct demonstration of ATP binding to purified MalK (H.N., K. Nikaido, and M. Hofnung, unpublished results)], indicates strongly that the transport is energized by the hydrolysis of ATP. In intact cells, anaerobic growth yield experiments suggested the consumption of an amount of energy equivalent to the hydrolysis of one ATP for the transport of one molecule of maltose (18) . Our vesicles consistently consumed somewhat more ATP than predicted by this relationship. The cause for this discrepancy is not clear. It seems likely that transport in our system is somehow "uncoupled," permitting futile cycling and excess ATP hydrolysis. One possibility is that accumulated maltose may leak out into the medium. Indeed, some exchange of accumulated maltose was shown to occur (data not shown), but the observed rate could not entirely explain the rate of ATP consumption. However, a small subpopulation of leaky vesicles may be making disproportionate contributions to ATP hydrolysis.
ATP has also been suggested recently as the direct energy source in experiments with the histidine transport systems of E. coli and Salmonella typhimurium (19) (20) (21) . However, the intact-cell experiments (20) were inconclusive in that they produced mutually contradictory results. Furthermore, the right-side-out vesicles from an unc mutant failed to transport histidine as expected, but the more definitive experiment of regenerating transport in such vesicles in the presence of ATP was not performed (20) .
ATP hydrolysis alone is sufficient to drive the transport of maltose in malE+ vesicles (Fig. 5) . This is consistent with the observation that proton influx does not accompany the uptake of solutes by at least some of the binding-proteindependent transport systems (22) . However, in vesicles with tethered MBP, prepared from the malE24-1 strains, addition of exogenous electron donors was necessary to achieve maximal transport rates. Possibly this is related to the presence, within the membrane, of the uncleaved signal sequence of the mutant MBP, but at present we are unable to offer clear mechanistic explanations for the requirement for electron donors and for NAD' and other components in the lysis mixture.
Although it is generally thought that the "Kaback-type" vesicles, especially those from ATPase-deficient unc mutants, are incapable of generating ATP from the oxidation of electron donors, we showed clearly that the metabolism of D-lactate by unc-vesicles resulted in the generation of ATP (Fig. 3) . This probably occurs through the conversion of pyruvate to acetyl-CoA and then substrate-level phosphorylation through phosphotransacetylase and pyruvate kinase. This may explain also the stimulation of maltose transport in vesicles with tethered MBP by CoA when D-lactate was used as the electron donor. We should note, however, that vesicles used in this study were prepared with less rigorous washing Biochemistry: Dean et al.
Proc. Natl. Acad. Sci. USA 86 (1989) procedures than those originally used by Kaback (13) , and this modification of the procedure could have contributed to the increased presence of contaminants.
The realization of the significance of phosphotransacetylase/acetate kinase pathway in ATP generation allows us to understand many of the confusing results published earlier. Thus Hong et al. (4) observed that phosphotransacetylase mutants were not able to transport the substrates of bindingprotein-dependent systems with pyruvate as the energy source in the presence of KCN, and they concluded that acetyl phosphate is the-energy source for transport. But the data are also compatible with the transport being driven by ATP generated through the phosphotransacetylase/acetate kinase pathway. Although acetate kinase mutants could transport the substrates, it is possible that even low levels of this enzyme could have been sufficient to produce ATP needed for transport. This interpretation is strengthened by the results of the same group (5) that only vesicles made from cells containing both phosphotransacetylase and acetate kinase, and therefore likely to contain these enzymes as contaminants, are able to transport glutamine in the presence of pyruvate. Clearly, pyruvate was generating ATP under these conditions. Unfortunately the authors rejected ATP as the energy donor, because vesicles possessing P-ePrv transport systems, and therefore expected to be able to generate ATP via pyruvate kinase, still required these two enzymes for maximal transport. However, these unc' vesicles hydrolyze ATP very rapidly, and here generation of additional ATP molecules via the phosphotransacetylase/acetate kinase was probably essential for energizing transport. Thus it appears that the role of ATP as the main energy donor in periplasmicbinding-protein dependent transport is consistent also with much ofthe earlier results. Finally, we emphasize that the use of D-lactate as electron donor in vesicle systems may produce misleading results, although it has been used widely because of a mistaken belief that it generates protonmotive force but not ATP. were supported by National Institutes of Health Postdoctoral Fellowship GM11717 and Predoctoral Training Grant GM-07232, respectively.
